Gabor x-ray holograms of biological specimens and of test objects that display <56-nm resolution are presented. This spatial resolution is more than an order of magnitude smaller than what has been achieved previously in x-ray holography. The holograms were recorded on photoresist using 2.57-nm soft x rays from the X-17t undulator at the National Syncrotron Light Source at Brookhaven National Laboratory. The processed photoresists were enlarged with an electron microscope and digitized using a scanning microdensitometer; the digitized holograms were reconstructed numerically. The exposure requirements were in good agreement with simple theory. The method offers promise as a technique for soft-x-ray microscopy.
INTRODUCTION
Holography was conceived by Gabor as a technique for microscopy by wave-front reconstruction. 1 His aim was to achieve atomic resolution holographic images using the electron microscope, a goal that was precluded by spherical aberrations in electron optics. By reilluminating a magnified electron hologram with visible light, a magnified wavefront similar to the wave scattered by the specimen would be produced, along with other unwanted waves. Gabor hoped to use a deliberately aberrated optical lens to cancel the electron lens aberrations and thus produce an unaberrated, higher-resolution image of the specimen.
Soon after the advent of the laser, holography developed into a technique with applications far beyond these envisaged by Gabor. In fact, Gabor's original goal of performing electron microscopy by wave-front reconstruction has largely been set aside because of advances in electron lens design. There are, however, certain impressive but specialized applications in which electron holography is now used. 2 The reconstruction that can now be obtained with electron microscopes is frequently limited not by electron optics but by specimen-dependent considerations.
Our approach to x-ray holographic microscopy employs the spirit of Gabor's original scheme, in that our goal is highresolution lensless microscopy. By using soft x rays instead of electrons as the probe, we gain the ability to image thick, hydrated, and unstained biological specimens in their natural state. Several types of soft-x-ray microscope have imaged such specimens at 50-100-nm resolution, 3 and 20-40-nm resolution imaging can be expected in the near future. Many of these microscopes depend on Fresnel zone plates as high-resolution focusing elements, and, despite impressive progress in zone-plate fabrication (Anderson has produced zone plates with a numerical aperture of 1/20 and a focusing efficiency of 4% at 3.6-nm wavelength 4 ), there are currently no x-ray lenses with the high numerical apertures common in optical microscopy. Thus lensless techniques, such as contact printing and holography, may offer more promise for microscopy using soft x rays than they do for optical microscopy. As has been discussed in reviews of the properties of various x-ray microscopes, 5 , 6 Gabor x-ray holography is a method that can make use of emerging flash sources such as x-ray lasers or extreme-ultraviolet free-electron lasers (in addition to synchrotron sources), that can capture limited three-dimensional information in a single exposure with reasonable detective efficiency, that intrinsically includes both amplitude and phase contrast, and that does not depend on progress in soft-x-ray optical element fabrication. Most of these properties are individually offered by x-ray microscopes, but the particular combination of capabilities offered by Gabor x-ray holography may prove ideal for certain studies of biological structure.
X-ray holographic microscopy was first suggested in 1952 by Baez. 7 While many discussions of the potential of the technique appeared, little experimental progress was made over the next twenty years. 8 Then, in the early 1970's, Aoki and Kikuta and their collaborators performed a series of experiments in which both microfocus x-ray tubes and synchrotron sources were used to record and to reconstruct one-dimensional Fourier-transform x-ray holograms and Gabor holograms of chemical fibers and red blood cells at 4-,um resolution. 9 In 1976 Reuter and Mahr recorded holograms at several-micrometer resolution, using a Fresnel zone plate in the Fourier-transform geometry.' 0 A decade later, Howells et al. used synchrotron radiation to record 1-2 -Am resolution Gabor holograms of wires and glass beads." These and other similar efforts were unable to produce suboptical resolution because of lack of coherent x-ray flux, lack of a recording medium of sufficient resolution, and aberrations involved in visible light reconstruction of x-ray holograms. For the Gabor geometry, these limitations have been addressed by using x-ray sources with improved brightness, and high-resolution photoresist detectors. In 1975 Bjorklund et al. used the photoresist polymethyl methacrylate (PMMA) with a X = 110-nm harmonic generated from a Nd:YAG laser to record holograms that appeared to contain high-resolution information but from which reconstructed images were not obtained.' 2 In 1985 Aoki et al. recorded holograms on photoresist, using 1.5-nm quasi-monochromatic radiation from an undulator,3 although, again, no reconstructed images were obtained. In 1987 Joyeux et al. used 10-nm undulator radiation, a monochromator and spatial filtering pinhole, and photoresists to record holograms and obtain reconstructed images at 0.5-um resolution. 4 "1 5 In 1986 we recorded x-ray holograms using 2.57-nm undulator radiation, a monochromator, and photoresists in which 50-nm fringe information could be observed. ' 6 Preliminary results of sub-100-nm resolution reconstructed images obtained from these holograms have been reported." " 8 We consider here x-ray exposure requirements and describe the way holograms were recorded, using a sufficiently coherent x-ray beam from the undulator. After undergoing development and metal shadowing, the holograms were magnified with a transmission electron microscope, digitized with a microdensitometer, and numerically reconstructed by using the mathematical equivalent of the optical reconstruction process. Reconstructed holograms of a test object and of biological specimens that display 56-nm resolution are presented, and future improvements to our method are considered. (1) where X = koaxif and Y = koay/f with ko = 27r/X. Following the principle used by Rayleigh for a circular aperture, we define the resolution 6x to be equal to the distance from the center to the first zero of sin(X)/X, so that 6x = f/a. The half-angle subtended by the central maximum of the focal spot is sin a = a/2f, so that the transverse resolution can be written as &x = X/(2 sin a). This is similar to the Rayleigh resolution of t = 0.61X/sin a for a lens with a circular aperture.
Let us now consider an object that is being imaged by the lens. If the object transmittance is decomposed into its various Fourier components, an object periodicity of wavelength 2r/lKI will elastically scatter an incident wave according to Bragg's law of
where ko represents the incident wave, k represents the scattered wave, and kol = Ik = 27r/A. In order to detect object periodicities of 2r/!KI, we must detect scattering at angles k given by Eq. (2) . If the wave ko is incident along the z axis, the probed K values then lie on the Ewald sphere defined by
The smallest transverse periodicity that can be imaged by the lens is 2, so that the largest value of Kx that can be collected and used to form an image is Kx.max = 2/(26.) =2r sin a/X.
Using this result and Eq. 
IMAGE RESOLUTION AND CONTRAST

Resolution: Transverse and Longitudinal
Reillumination of a processed hologram with the original reference wave reproduces a wave that is nearly identical to the wave scattered from the specimen-the virtual image. One can view this wave from a range of observation directions, limited by the size of the hologram, to see what the specimen itself would have looked like when similarly viewed, and thus obtain an impression of three-dimensional imaging of the specimen. It is important to recognize, however, that the longitudinal resolution 5 1 of a hologram of modest numerical aperture is much poorer than the transverse resolution t.
The resolution of any optical system can be discussed in terms of its numerical aperture sin a. Let us consider the focal spot produced at a distance f from a lens with a square aperture of width 2a. The normalized point-spread function P(X, Y) of the lens is given by or 5 = /sin 2 a. The equivalent result for a circular aperture is 8 = 1.22X/sin 2 a. Since e3 -(/X), we see that any microscope (including all current x-ray microscopes) in which 5. >> X (or, equivalently, sin a << 1) has relatively poor depth resolution. Whether this is a hinderance or a benefit depends on the application: good depth resolution is desirable for three-dimensional imaging, while large depth of field is preferable for two-dimensional imaging.
The above results tell us that, under the Rayleigh resolution criterion, a perfect lens with circular aperture will image the object as if it were composed of a series of resolution elements spaced a distance t apart in the transverse direction and a distance 51 apart in the longitudinal direction. This leads to a picture of a resolution element as an ellipsoid of revolution with semiaxes Jt 1 that the optical-path-length difference between a ray scattered from the center of a resolution element and a ray scattered from a transverse or longitudinal edge of the resoJacobsen et al. 
Soft-X-Ray Scattering Strength
Most work in soft-x-ray microscopy has concentrated on the spectral region between the K edges of carbon (4.4 nm) and oxygen (2.3 nm), where carbon-rich biological materials absorb x rays much more strongly than water does. Therefore a microscope operating in this so-called water window will show a good absorption contrast of organic materials in water. 24 for minimal-dose imaging. Howells 62 5 and Jacobsen' 9 have considered the case of organic specimens with thickness equal to or greater than the longitudinal resolution length 61; this work has suggested that the use of x rays with X • 2.6 nm or shorter would minimize dose in the imaging of hydrated protein specimens. We consider the problem here only to the point of providing a rough estimate of the x-ray exposure that might be required for hologram recording.
Assuming that an atom is small compared with the soft-xray wavelength and that coherent scattering is isotropic for unpolarized radiation, the atomic scattering cross section ar, can be written 2 6 as the product of the Thomson result for scattering from an electron multiplied by the complex number of electrons (f + if 2 ) per atom squared, because all electrons in an atom will scatter coherently with respect to one another. Thus the total cross section for coherent scattering from a single atom is as = r re2(f2 + [22) ,
where re is the classical radius of the electron. The absorption cross section is given by
(Note that the cross section for incoherent scattering is negligible.) Values of (f, + if 2 ) for 50-10,000-eV x rays interacting with elements 1-92 have been tabulated by Henke et al. 2 7 These atomic coefficients can be used to calculate the average interaction cross section of a molecule according to the weighted sum (10) r= (4i3) e (f[2 + f22)/f2.
X
Since re << X for X = 2.57-nm x rays, we see that 104-105 x-ray absorption events would have to take place before a scattering event (which could potentially be used in the formation of an image of an atom) could be expected to occur. As has been noted before, 282 9 this precludes atomic resolution imaging with currently available x-ray beams, although Solem et al. have suggested that subpicosecond exposures be used to produce sufficient scattering events before an atom had time to be altered or displaced by radiation damage. 2 3 Let us now consider the case when one resolution element encloses many atoms. Just as is done for atoms in a unit cell in crystallography, we can describe the scattering from the collection of M atoms in a resolution element in terms of a structure factor, F(K) = (F1 + iF 2 ), of
where K is the wave-vector difference between incident and scattered rays and dj is the location of the jth atom. With a noncrystalline specimen, we would normally expect scattering amplitudes from the M randomly spaced (on a scale larger than X) atoms to add up in a random-walk manner to 
z where n is the number of atoms per unit volume, and atomic species are indexed by z. For a protein specimen of average (12) where the small-angle approximation sin a << 1 has been used. The absorption cross section for the resolution element is just the absorption cross section of one atom multiplied by the number of atoms within a rectangular volume 
The ratio of scattering to absorption cross sections for the resolution element can then be written as (14) For biological specimens of thickness greater than a imaged with soft x rays at t = 20-nm resolution, the ratio s/32a is of the order of unity.9 It was noted previously that the result O-s/Ua '-10-4_10-5 appears to rule out x-ray holographic microscopy of single atoms; however, the result -s/3a 1
suggests that x-ray holographic microscopy at lower resolution is feasible with reasonable levels of x-ray exposure. In fact, more detailed calculations based on particular models of hydrated biological samples have suggested that, depending on the wavelength used, soft-x-ray doses in the range 107-1010 rad would permit the recording of x-ray holograms at t = 20-30-nm resolution. 6 24 (17) Using Eqs. (12) and (7), the values for hil and n 2 for protein quoted above, a soft-x-ray wavelength of X = 2.57 nm, and an image resolution of at = 20 nm, we estimate that (18) Z2 at2 From this we obtain the exposure requirement No 2 360 photons per object plane resolution element, or 0.007 J/cm 2 . This illumination requirement of 360 photons per resolution element is similar to a result obtained by calculating hologram fringe visibility and then demanding that enough photons be collected so that the fringes can be statistically detected.9 In addition, these estimates are for bare detectability of object resolution elements that are fully filled with protein, in contrast to a specimen-free background. If one wished to obtain an image with, for example, five statistically significant gray levels, then the expected exposure requirement would be -52 = 25 times higher, or 0.2 J/cm 2 .
COHERENT X-RAY SOURCE
EXPOSURE REQUIREMENTS
Having estimated the scattering strength of the specimen, we can consider the exposure requirements for recording a Gabor x-ray hologram. Mueller presented a statistical treatment of the recording and reconstruction process for signal-limited x-ray holography in the case in which a noisefree hologram reconstruction process is used. 2 9 We shall make use of such a treatment here. According to Mueller, the reconstructed image of an x-ray hologram when the specimen weakly modulates the reference wave gives an expected value of the normalized reconstructed image intensity E(ItmnI2) of
where P, is the number of x rays scattered into the hologram aperture by the mnth specimen pixel and No is the average number of x rays incident at each pixel of both the sample and the detector. The term Pmn/No is the intensity transmittance that one is trying to measure in the reconstruction process, and 1/No is an error term contributed from scattering of the reconstruction wave by noise in the hologram recording. The 1/No term essentially represents shot noise, which is expected to be small compared to Pn/ No in most cases. Our holograms have been recorded on PMMA and methyl methacrylate-methacrylic acid (MMA-MAA) photoresists, which are thought to have a detective quantum efficiency 
Coherence Requirements
There are currently no soft-x-ray sources available that are intrinsically fully coherent. Thus one must filter an incoherent source to obtain the desired degree of partial coherence for recording x-ray holograms. We will use Rogers's model of a Gabor hologram as a zone plate 7 33 to obtain a simple estimate of the coherence requirements. The diffraction-limited transverse resolution of the hologram is determined by its numerical aperture for a given object point. In other words, each point of the specimen should be capable of forming a zone-plate pattern of radius rzp = f sin a = 0.61 ([/6,) . (19) This means that an adequate degree of mutual coherence should exist between the x-ray wave field at a point on the specimen axis and at a point a transverse distance rp away. (The modulus of the degree of mutual coherence is equal to the fringe visibility in the case of an interferometer with two beams of equal strength.) As will be described below, our holograms were recorded at X = 2.57 nm and typically at a distance of 400,gm from the specimen, so that we required adequate spatial coherence over a radius of rp = 31 /tm in order potentially to record t = 20 nm resolution holograms.
Temporal coherence requirements can also be understood in terms of zone plates. When a plane wave is incident upon a zone plate, waves transmitted through each transparent zone arrive at the zone-plate focus over an optical path one wavelength longer than the path from the preceding zone. Therefore there must be at least as many longitudinally coherent waves as there are zone-plate zones. 3 4 The number of zone-plate zone pairs Np is given by
Using rN = f sin a and St = 0.61X/sin a, the number Nzp of temporally coherent waves required is
Again assuming that X = 2.57 nm, f = 400 um, and St = 20 nm, approximately Nzp = 480 temporally coherent waves would be required. Such a requirement is easily met through the use of a soft-x-ray monochromator.
If a quasi-monochromatic but spatially incoherent source is used with a spatial filtering pinhole of radius p, the Van Cittert-Zernike theorem states that the degree of mutual coherence IM1, 21 between points located at an angular separation 0 in the far field of the pinhole is35
where
A useful criterion for spatial coherence is to use the center half of the Airy disk of illumination from the pinhole. Since the first minimum of the Airy function occurs at an angle 0.61X/p, half of this angle corresponds to v = 0.617r, 1IM1,21 = 0.605, and a radius of sufficient mutual coherence of rcoh = 0.31(Xl/p) a distance I away from the pinhole. If we require that r, 0 h > rzp, using Eq. (19) we obtain the requirement St 2 2p(f/l), which is slightly more restrictive than the pinhole resolution limit of bt 2 1.
Baez. 7 For our holograms, we used a 50-,um pinhole located 1.74 m away, giving r 0 oh = 53 Mm.
Undulator X-Ray Source
Optical holography was strongly advanced by the development of the visible light laser. Trebes et al. have used a X = 20.6-nm x-ray laser to record holograms of test objects on photographic film in a 200-psec exposure with -5-,um resolution, 3 6 and the performance of both plasma-based and free-electron lasers is advancing at a rapid pace. At present, however, holography at photon energies exceeding 100 eV is benefitting primarily from the growing use of undulators on low-emittance, high-energy electron storage rings. In an ideal undulator, a relativistic electron beam passes through a sinusoidal magnetic field. In the frame of an electron's average longitudinal velocity, the electron's motion is largely that of a transverse dipole at each successive magnetic period of the undulator. If the magnetic period length in the laboratory frame is X 0 , a relativistic electron of energy E sees a Lorentz-contracted period length of Xo/'y, where y = El viewed in the laboratory frame. As an electron travels the length of the undulator, the dipolelike radiation fields produced at each of the N periods are in phase with each other, so that the radiation pattern is quasi-monochromatic, with X/AX -N, and strongly collimated (the relativistically contracted single dipole emission angle of 1/-y is further reduced to 1/-1yiN). A more exact analysis3739 reveals that, along the undulator axis, the nth harmonic of undulator radiation is emitted at a wavelength X,, = (XO/2n'y emitted by undulators can be used for spatially coherent imaging. Combined with monochromaticity requirements and optical system efficiencies, this typically means that only nanowatts of coherent soft-x-ray power are available from kilowatts of total undulator power output. Thus undulators at present storage rings are not efficient sources for x-ray holography; nonetheless, their coherent power is still sufficient to record high-resolution holograms in a matter of minutes. Third-generation storage rings, such as the Advanced Light Source under construction at Lawrence Berkeley Laboratory, are designed to have emittances approaching X and thus have a larger fraction of their total output available for x-ray holography.
The holograms reported on here were recorded using 2.57-nm soft x rays produced by an undulator with 10 periods, each of length X0 = 8 cm, which was installed on the 2.5-GeV storage ring of the National Synchrotron Light Source at Brookhaven National Laboratory. 4 0 The undulator source brightness of 1 X 1016 photons/(sec, 0.14% bandwidth, mm 2 , mrad 2 ) at an electron beam current of 100 mA was -103 times larger than that available from synchrotron dipole magnet sources and -106 times larger than that available from typical x-ray tubes. The undulator beam line shown in Fig. 1 benefitted considerably from a feedback system used to maintain alignment of the undulator radiation and from a water-cooled first mirror that had maximum saggital slope error owing to thermal distortions of 3 + 1 ,urad when exposed to the 0.1-W/mm 2 power density and 53-W total power of the X-17t undulator beam. 4 ' By using a toriodal grat- Fig. 1 . Schematic view of the NSLS X-17t undulator beamline used for recording x-ray holograms. The electron beam within the undulator was stabilized using a feedback system driven by photonbeam position monitors. Temporal coherence was provided by a toroidal grating monochromator, and spatial coherence was obtained by using a pinhole. The transition from the 10'9-Torr vacuum of the NSLS x-ray ring to the 10--Torr vacuum of the holography chamber was accomplished through the use of a 100-nm-thick Al contamination barrier and a 120-nm-thick Si3N 4 vacuum window.
ing monochromator with a resolving power of X/AX 600 when a 8 0 -pm exit slit was used, we were able to meet the temporal coherence requirement of N 8 p = 460 indicated above. As was noted above, spatial coherence was obtained by placing a 50-,Mm-diameter pinhole immediately downstream of the monochromator exit slit, and the holograms were recorded at a distance of 1.74 m from the pinhole. The resulting radius of mutual coherence of roh = 53 ,um was more than adequate even for recording t = 20-nm resolution holograms.
HOLOGRAM RECORDING Photoresist Recording Medium
As noted by Baez, 7 holograms recorded without magnifying optics in the Gabor geometry can produce images with a resolution no better than that of the holographic recording medium. Since silver halide emulsions have resolution limits of no more than about 5000 lines/mm when illuminated by soft x rays, 42 most recent activity in Gabor x-ray holography has centered on the use of photoresists as a nearly grainless recording medium. This choice has precedent in the 1956 work of Ladd et al., who replaced the photographic film used in contact microradiography with ammonium dichromate crystals; the resulting radiation damage pattern on the crystals was subsequently enlarged using an electron microscope. 4 
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The photoresist PMMA was first developed as a highresolution resist for electron beam lithography. 44 More recently, it and its cousins, such as a copolymer MMA-MAA (80% methyl methacrylate with 20% methacrylic acid), 45 have found widespread use as a resist in x-ray lithography 4 6 and have thus migrated into use in x-ray microscopy as well. 47 "3 An x ray that is absorbed in the resist generates secondary electrons within the resist. In positive resists, these secondary electrons and the initial x-ray photon break bonds on the polymer backbone of the resist and thus lower the molecular weight of the exposed area. With immersion in the solvent methyl isobutyl ketone in isopropyl alcohol, the exposed areas are dissolved at a much higher rate than are the unexposed ones, so that the incident irradiance pattern is transferred into a surface relief pattern. The ultimate resolution of the resist depends on the size of the coiled polymer macromolecules, 48 the range of the secondary electrons in the resist (the range increases with increasing photon energy 46 3'), the x-ray dose, 48 '49 and possible sidecutting of the resist during development, 5 0 among other factors. The intrinsic resolution of PMMA with = 2.57-nm x-ray irradiation is thought to be approximately 10 nm.3 1 Several factors led us to use a thin (t 0.2 m) layer of resist for recording the holograms. The liquid development process largely attacks the exposed surface rather than the volume of the resist. Therefore photoresist holograms are planar holograms, and the developed thickness must be less than the depth resolution Si; otherwise the developed resist surface may be affected by different irradiance patterns at different depths in the resist. Light development has also been recommended by Sayre and Feder; based on computer modeling of sidecutting in the resist development process, they have suggested that the average developed thickness should not exceed approximately five times the desired spatial resolution. 5 0 In addition, because we enlarged the developed holograms using a transmission electron microscope, the resist thickness could not be significantly more than the e 190-nm mean-free-path length between elastic scattering events of 100-MeV electrons in methacrylate. Finally, the thin resist absorbed -20% of 2.57-nm x rays but only -7% of 1.29-nm x rays; thus it showed less sensitivity to the small amount of second-diffraction-order radiation present in the output of the monochromator.
We used a 2.57-nm soft-x-ray wavelength because it provides a favorable ratio Ž;s/Za for protein and because longerwavelength x rays would have less of an ability to penetrate a thick biological specimen. At shorter wavelengths, the range of secondary electrons would quickly rise and thus degrade the resolution of the resist and the resulting image.
Another practical benefit was that the transmission efficiency of the mirror, the monochromator grating, and various windows on the X-17t beam line was at its highest near X = 2.57 nm.
Beam-Line Optical Layout
As can be seen from Fig. 2 , our holograms were recorded at working distances of multiples of 400 um from the specimen. We were able to record a contact micrograph and multiple holograms simultaneously because each resist and supporting Si3N 4 membrane absorbed only approximately half of the x-ray beam. Recording the holograms at such a short working distance means that the energy scattered by the specimen arrives in a smaller area on the hologram, and therefore the fringe visibility is improved. 5 ' Were we to try to put the resist even closer to the specimen, however, we would soon run into an information mapping mismatchloosely speaking, we must map Ns specimen pixels into Nd >> Ns detector pixels.9 A more detailed analysis of this point gives insight into the conditions needed for three-dimensional imaging.
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In these initial explorations, we chose to work only with dry specimens, although hydrated specimens have been imaged by soft-x-ray microscopes. 3 The specimens, described below in Section 7, were placed on standard Formvar-coated electron microscope grids. The grids and resists were packaged together in a specimen holder, which was then placed in the holography chamber (see Fig. 2 ). Unwanted motion between the specimen and the hologram had to be kept to less than a hologram fringe width of S 20 nm, while that between the specimen and the spatial filtering pinhole had to be less than the pinhole diameter, or < 50 Mm. The first requirement was met by having the specimen and the holograms mounted together in a single, rigid package. The holography chamber was operated at a pressure of typically 10-2 Torr (see Fig. 1 ), so that the specimen-hologram mount was insensitive to thermal drift and/or acoustic vibration.
(Soft-x-ray absorption in air was also eliminated.) The second stability requirement was met by mounting both the spatial filtering pinhole and the holography chamber on the -Torr) monochromator, the soft-x-ray beam passed through a 100-nm-thick aluminum foil before reaching the pinhole (see Fig.   1 ). The pinhole was followed by an aluminum photodiode that could be used to monitor the flux transmitted by the pinhole and thus could serve as an aid in alignment. A 220 Mm X 220 Mm, 120-mm-thick Si3N 4 window 5 3 served as the entrance window to the holography chamber. This window was able to withstand a pressure differential of 1 atm, so that the holography chamber could be quickly vented and pumped down again to 10-2 Torr when specimens were changed. Following the Si3N 4 window within the holography chamber was another photodiode, an alignment mirror, and finally the specimen-resist holder. The second photodiode measured the entire soft-x-ray flux reaching the specimen-resist package; knowledge of its photoyield 5 4 allowed us to quantify the exposure of each hologram accurately by periodically rotating the photodiode into the coherent x-ray beam. This photodiode had a typical signal of 0.40 pA with 100 mA of stored electron beam current, which corresponded to 1.5 X 108 photons/sec in the Airy disk of the spatial filtering pinhole. It should be noted that essentially the same setup was used to attempt to record holograms on resist using the National Synchrotron Light Source U-15 bending magnet beam line."7 55 The greatly reduced coherent flux available from the bending magnet, which has a brightness -3 orders of magnitude below that of the X-17t undulator, meant that we were unable to collect sufficient coherent flux for a highresolution hologram even with a 16-h exposure time. On mounting the experiment on the X-17t undulator beam line, we were able to record holograms with sufficient exposure typically in an hour. The advantages of higher source brightness go far beyond convenience. Not only was this flux sufficient to give a usable photodiode signal for simple, quantitative exposure monitoring, but also the coherent xray beam spot could be seen by eye in ambient light conditions as it struck various P31 phosphor-coated surfaces in the holography chamber. This proved to be a great aid in alignment.
After preparation and placement in the specimen holder, specimens were examined in an optical microscope to select interesting grid squares on the alphanumeric locater grid. The specimen holder was then placed in the holography chamber, the chamber was pumped to 10-2 -Torr vacuum, and the x-ray beam was brought into the chamber. An aluminized Si3N 4 window was then raised into the beam; this 450 alignment mirror transmitted roughly half of the incident 2.57-nm x-ray beam while it reflected visible light. A telescope mounted on the side of the chamber then allowed us to look back at the specimen along the x-ray beam axis. We could see the x-ray beam spot on a phosphor coating placed on the specimen holder and record its position on the telescope. The specimen was then moved until the preselected specimen grid square was lined up on the reticle mark, after which the mirror was withdrawn from the beam path before the exposure. In this manner we were able to target specimen areas to an accuracy better than the width of the coherent x-ray beam.
Typical Thus we believe that our exposures were just sufficient to produce high-resolution holograms on PMMA. The exposures also are in line with the theoretical estimate outlined in Section 2.
READOUT AND RECONSTRUCTION
All previous efforts in x-ray holography have centered on reconstruction by illumination of the original, processed hologram with a visible light laser. Joyeux et al. recently proposed a scheme in which the developed photoresist hologram would be metallized to serve as a reflection hologram for reconstruction using ultraviolet light. By using aberration-canceling optics and scanning the hologram so that the image would be built up pixel by pixel along the optical axis, they believe that an image resolution of 100 nm can be obtained.' 5 In principle, however, one would like to reconstruct the hologram using a wave field identical to the original reference wave. One possible solution is to magnify the hologram by an amount equal to the ratio of reconstructing wavelength to recording wavelength and to scale the geometry of the optical system similarly, so that the full resolution of the hologram can be realized in a visible light laser reconstructed image. Another approach is to obtain a digitized version of the hologram and to reconstruct it using the numerical equivalent of illumination with the original x-ray reference wave. 5 6 "1 2 We have chosen the latter approach for reasons that are described below.
No matter how the reconstructed image is to be obtained, it is desirable that the full information content of the x-ray Jacobsen et al. hologram be extracted. The method that we currently use involves transmission electron microscopy of the developed photoresist. We evaporate -10 nm of 60% Au-40% Pd at 7°g razing incidence onto the resist to enhance the contrast of low-surface-relief fringes, and then we place the resist on its 120-nm Si3N 4 support window in a 100-keV transmission electron microscope. The TEM must be operated with the condenser defocused and a small condenser aperture to avoid thermal damage to the resist. Using the results of studies of radiation damage in electron-illuminated photoresists, 48 we estimate that the photoresists suffer only 1% mass loss due to electron irradiation during the recording of a 1400X magnified transmission electron micrograph (although finding the hologram adds to the electron beam exposure). A small objective aperture is used to obtain an image with enhanced contrast. Figure 3 shows an electron micrograph of an x-ray hologram obtained in this manner.
Fringe frequencies as low as 10 m-1 can often be recognized by eye when one is observing the highest magnification micrographs. We argued above that our recording geometry demands a minimum hologram radius of rp > 31,Mm; such a large field of view can only be obtained with low image magnification in typical transmission electron microscopes. In fact, a magnification of -150OX is more than sufficient for our needs, since the -1 0 -ium resolution of the electron image emulsion then corresponds to 7-nm image resolution. Multiple scattering in the combination of 200 nm of resist, 10 nm of PdAu, and 120 nm of Si3N 4 will certainly degrade the achieved resolution from this value. Finally, commercial TEM's commonly suffer from S0.05-mm field displacements owing to barrel distortion at the edges of a 45-mm field of view on the film plane. At 1400X magnification, this corresponds to a ;S36-nm displacement over a hologram radius of 32 ,m.
At present, we have not noticed reconstructed image degradations caused by such distortions, but this issue may have to be addressed in the future.
In principle, we could take the enlarged electron micrograph of the x-ray hologram, reduce it to a final hologram magnification of 632/2.57 = 240, and obtain aberration-free (apart from TEM barrel distortion) optical reconstructions using a He-Ne laser. We have instead chosen to digitize the electron microscope negatives using a scanning microdensitometer and to pursue numerical reconstruction. With the digitized hologram, we are able to correct partially for hologram nonlinearities caused by the mapping of incident x-ray intensity into electron film density. 9 In addition, such a route makes possible the future implementation of iterative processing algorithms, such as that of Liu and Scott, 57 for further improvement of the reconstructed image quality.
The reconstruction of planar amplitude-transmission holograms involves the modulation of a reconstruction wave by the optical transmittance of the processed hologram. Each point on the processed hologram acts as a Huygens-Fresnel point source of radiation with an amplitude given by the hologram transmittance at that point. (The 1.74-m distance to the spatial filtering pinhole meant that we had plane-wave illumination with uniform phase across the field of view.) Using r(X, ) to denote the optical transmittance at the hologram plane (since the hologram is an intensity measurement, is a pure real quantity), one can calculate the optical amplitude (x, y) at an image plane a distance z away by means of the Fresnel-Kirchhoff diffraction integral to be
t'(x,y)= r(, ) exp(ikr)dtd,
J-c
J'
iXr where r2 = 2 + -X)2 + ( y)2.
(24) (25) We can write the above result in the Fresnel approximation as 5 8 O (26) With an N X N pixel discretized hologram, we will denote the hologram pixel size as A1, the reconstructed image pixel size as Ax, and the hologram opacity a as 1 -ao -a(Q, n) = r(Q, ti), (27) to allow us to deal separately with the constant and the spatially dependent components of the hologram transmittance . Then, if we define the reconstructed image pixel 
Thus we see that the discrete Fresnel transform is obtained by multiplying the hologram transmittance by an input plane quadratic phase factor, taking the discrete Fourier transform DFT 1, and multiplying by an output plane quadratic phase factor. On a general purpose computer, the discrete Fourier transform DFTI 1, implemented using a fast-Fourier-transform algorithm, is by far the most timeconsuming step. The condition of Eq. (28) is imposed by the requirement that the discrete Fourier transform DFTf I map N complex data samplings onto N discrete frequencies. However, the diffraction-limited resolution of the square hologram is given by
so Eq. (28) is nothing more than a restatement of the Rayleigh resolution criterion. In other words, the sampled hologram pixel size A 1 should be consistent with the diffractionlimited spot size as determined by the numerical aperture (sin a) of the hologram. In the work reported here, the specimen-to-hologram distance f was not precisely known a priori, and the hologram sampling step size A 1 had to be chosen from a set of allowed values on a microdensitometer. The actual sampling can be expressed in terms of
so that proper sampling of the hologram would give a, = 1. When a, Fd 1, the reconstructed image is slightly corrupted by the presence of aliasing fringes at the image borders. 5 9 As was noted earlier, our readout system of photoresist plus liquid development, plus metal shadowing, plus transmission electron-microscope enlargement, plus microdensitometry provides a complicated mapping of x-ray intensity into developed electron-image film optical transmittance.s When the effects of metal shadowing are ignored, the resist response is reasonably linear over a restricted range of incident x-ray intensities, as shown in Fig. 4 . It is worth noting that Joyeux et al. preexpose their resists to UV light before recording x-ray holograms, so that the UV exposure offset puts the zero x-ray exposure point on the linear region of the resist-response curve.' 4 However, metal shadowing of the resist further complicates the picture by adding false, higher-spatial-frequency components onto hologram fringes as metal is preferentially deposited onto resist surfaces facing the vacuum evaporator filament. To a first approximation, however, such nonlinearities have little effect on the reconstructed image. This can be understood by considering the analogy between linear versus nonlinear Gabor holograms, and zone plates having square-wave versus sine-wave zone profiles. Compared with the sine-wave (Gabor) plates, the square-wave (Fresnel) zone plates will suffer from higher focal orders, which are, however, almost unnoticeable at the first-order focal plane. More detailed analyses of hologram nonlinearities show that, in fact, there are some higher-order image-noise terms from the nonlinearly reconstructed wave that travels in the direction of the subject wave. 58 However, these nonlinear terms should be small in x-ray holography because the strength of the subject wave is small compared with that of the reference wave, or lal/lrl << 1. Thus we conclude that resist nonlinearities including metal shadowing will reduce the signal-to-noise ratio in reconstructed holograms butthey will not introduce significant artifacts to the image.
RESULTS AND DISCUSSION
As has been described above, the holograms are magnified using a transmission electron microscope. The electron film negative is then digitized using a scanning microdensitometer. Our first holograms were digitized to 3000 X 3000 pixels of resist plane equivalent sizes of 7 to 9 nm. While these choices of N and A 1 do not match the specification of Eq. (30) for a hologram with X = 2.57 nm andf 400 Mm, three to five pixels can be summed together to yield properly matched 700 X 700 to 900 X 900 pixel holograms. What is gained by oversampling is insight into the information content of the hologram. In Fig. 5 we show radially averaged (in the Fourier-transform plane) power spectral densities (PSD's) of two subregions from 8-nm digitized holograms. The top curve in Fig. 5 is the PSD of a 1024 X 1024 pixel subregion of a processed resist area that contains hologram fringes. The bottom curve in Fig. 5 is the PSD of an identically processed resist except that the region selected received no x-ray exposure because of an overlying copper grid bar. The PSD declines roughly with the third power of spatial frequency through a frequency of 10MAm'1, corresponding to the 50-nm fringe width that was the minimum observable by eye, until it begins to roll off to a frequency-independent level, of magnitude comparable with that seen behind the grid bar, at a frequency of 60 m-'. If we identify this frequency-inde- for an x-ray hologram of a copper grid bar. In the reconstructed image, the optical intensity drops from near maximum to near minimum value over reconstructed image intensity over one to two 28-nm pixels, so that we believe that our system resolution is 2 X 28 = 56 nm or better.
pendent level as white noise, and the f3 dependent part of the curve as hologram signal plus noise, we infer that our holograms have a signal-to-noise ratio of at least 5:1 up to a spatial frequency of fmax 31 Mm-', or a transverse resolution of t = 122/(2fmax) 20 nm. It should be noted that numerical hologram reconstruction is a noise-free process, so that one would expect these signal-to-noise ratio considerations to hold true for the reconstructed image, as well. At present, field-of-view restrictions in commercial TEM's have prevented us from obtaining digitized data sets that could in principle produce images of that resolution. Another indication of the system's capability is provided by examining reconstructed holograms of electron-microscope grid bars. These 200-mesh copper grid bars are not ideal test objects. Their edges are not perfectly straight when viewed in a TEM, and they slope upward at a 580 + 50
angle, so that they still transmit 70% of 2.57-nm x rays at a point 60 nm in from the edge. Nevertheless, reconstructed images of these grid bars show a drop from near maximum to near minimum reconstructed image intensity over one to two 28.0-nm pixels, as can be seen in Fig. 6 . Thus we believe that our system resolution is 2 X 28 = 56 nm or better, and this may be more of a measure of the grid bar sharpness (or lack of sharpness). Figure 6 also shows that the optical intensity stays at its minimum for only a short distance near the edge of the grid bar and that it then climbs back to its maximum as the center of the grid bar is approached. We have noticed this effect in reconstructed images of other large (5 Mm) objects, and we believe that it is caused by the properties of the photoresist. Objects of this size produce holograms for which the first few fringes, which carry most of the low-spatial-frequency information about the object, have high fringe visibility, while the fringes that carry highspatial-frequency information about the object are weaker. 5 ' The resist was developed to maximize hologram fringe contrast in the clear areas between objects. Since this involved developing approximately two thirds or 130 nm of the 200-nm-thick resist away, and the resist dissolution rate varies approximately with the square of the dose, a dose sT 3 times less than the maximum would give rise to only 13 nm of resist dissolution. Thus the nonlinear response of the photoresist enhances one's ability to record weak variations on a strong signal (i.e., high spatial frequency content fringes), The biological specimens that we have studied thus far are rat pancreatic zymogen granules, which store precursors of digestive enzymes in the secretion cells of the pancreas. For electron-microscope studies, granules are generally postfixed in Os04, stained with uranyl acetate, embedded in epoxy, and prepared in thin, -0.1-gm, sections. Thicker, unsectioned objects can be viewed using soft x rays, and no stain is required to distinguish biological structures from the embedding material. Following isolation using established methods, 60 the granules were fixed in 1.5% glutaraldehyde in 150-mM sucrose at a pH of 5.5. The glutaraldehyde-fixed granule suspension was diluted further to reduce granule clumping, after which a micropipette was used to place a drop of the suspension on a TEM grid coated with -10 nm of carbon-reinforced Formvar. The excess liquid was wicked away, and the grid was then air dried, leaving occasional isolated granules and, more commonly, granule clumps on the grid. The granules are spherical in shape and have a diameter of 0.4-1.4 Mm for fasted rats, so that their general outline can be seen in a standard optical microscope (see Fig.  7 ). Scanning electron microscopy examination has revealed that the glutaraldehyde-fixed granules maintain their spherical shape when air dried, and the unsectioned granules appear completely opaque when viewed at 100-200 keV in a TEM.18 Figure 8 shows (a) the center 368 X 368 pixels of the 1024 X 1024 pixel digitized hologram and (b) the reconstructed image obtained using X = 2.57 nm and f = 412 Mm. A magnified view of a few granules is shown in Fig. 9 . As can be seen, the reconstructed x-ray hologram yields an image but it implies a severely limited dynamic range. This means that the strongest, low-spatial-frequency fringes of the Gabor hologram of a knife-edge object will be clipped in intensity; that is, the reconstructed images will have a high-passfiltered appearance. This may also explain the leveling off of the power spectral density at low spatial frequencies that can be seen in Fig. 5 . pixel replicated 2X with the same procedure used in Fig. 9 before the line scans were extracted, so that the pixel step size here is 15 nm.
Images of granules are indicated by G's. In several cases, the optical intensity makes a transition from the clear area outside a granule to the opaque area within a granule over a distance of 60-75 nm, indicating an image resolution at or below this value. This is consistent with the 56-nm system resolution determined from the grid-bar edge sharpness shown in Fig. 6 .
that is faithful to the optical micrograph of the specimen, except that the x-ray image is at higher resolution. Because of sampling considerations, the data in the hologram extended only over 636 X 752 pixels, so that the numerical aperture of the hologram was sin a = 0.027 in the horizontal direction.
For a rectangular hologram, the resulting diffraction limit to resolution is t = 0.5X/sin a = 48 nm, and Al = X/sin 2 a = 3.6 gim, although the pixel size in the reconstructed image is 29 nm. Figure 10 shows several lines scans through the reconstructed image in which granule edges appear sharp at the 60-75-nm level. Since the granule clump is probably no more than a few granules deep, it is therefore a two-dimensional object in that only one depth plane can be expected to be resolved.
The contents of the granules as seen in the reconstructed hologram often appear to be nonuniformly distributed, with dense regions preferentially located at the granule's edge (see Fig. 9 ). This is in contrast to the uniformly opaque appearance of glutaraldehyde-fixed granules in standard TEM studies. However, similar nonuniformities have been observed with a scanning transmission x-ray microscope 6 '
(whole, unfixed granules in water), a 1.5-MeV TEM 6 2 (whole, unfixed, air-dried granules), and a phase-contrast optical microscope 63 (whole, unfixed granules in water). Such structures are also consistent with those of earlier studies, in which enzyme release in granule preparations was stimulated by reduction of digestive enzyme concentration in the suspending medium and the granules were subsequently fixed, stained, epoxy embedded, and sectioned before observation in a 100-keV TEM. 6 0 Thus the nonuniform distribution of granule contents in the reconstructed hologram may be associated with enzyme release before fixation of the granule suspension, although further studies will be required in order to confirm or disprove this model. Several comments need to be made concerning the reconstructed image. For a Gabor hologram of a point object recorded with X = 2.57 nm and f = 412 gm, the first zoneplate zone at the hologram plane will have a radius of VXf = Fig. 11 . Focal series reconstructions of the x-ray hologram shown in Fig. 8 . The upper-left-hand reconstruction (a 1.9 ,ui X 1.9 gm subfield reconstructed from the full hologram data set) is at a working distance of 410 m; the lower left is at 412 gm; the upper center is at 414 gim; the lower center is at 416 ,um; the upper right is at 418 Am; and the lower right reconstruction is at 420 ,um. These 2-gm increments in assumed working distance between the images are approximately half the estimated 3.6-gm diffraction-limited longitudinal resolution of the hologram.
The focal series shows that, while interpretation of a few of the structures in the image at the selected focus of z = 412 may be complicated by defocus artifacts, most granule features remain unchanged as a function of focus.
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Vol. 7, No. 10/October 1990/J. Opt. Soc. Am. A 1859 1.0 Am; at the reconstructed image, the first zone of the twin image will have a radius of (2f, or a diameter of 2.9 gim. Therefore reconstructed images of objects smaller than 2.9 gm will lie in the largely uniform central zone of the twin image (i.e., we have a far-field hologram), so that twin-image noise will be less significant than it is in the case of Gabor holograms of larger objects. 64 Of course, if several objects are located within a region larger than -2.9 gm across, the hologram will no longer be in the far field of the collection of objects, and this strategy for twin image supression will be defeated. This observation, plus the fact that the Gabor hologram requires much of the object plane to be empty to allow the reference wave to be transmitted undisturbed, explains why the smaller granule clump in the center right of The smaller granule group at the left edge of Fig. 8(b) is not in focus at f = 412 gm because of nonflatness in the supporting Formvar film. Finally, a focal series of reconstructions of the hologram is shown in Fig. 11 . This figure indicates that there are only minor image changes as the assumed working distance is varied and that these are presumably due to defocus effects. Our conclusion from all this is that, although the holograms do show some of the internal detail observed with other microscopes, we are not yet able to infer the nature of such structure from the evidence of the holographic images alone.
CONCLUSION
The work reported here has demonstrated the ability of xray holography to image biological specimens at a resolution of 56 nm. This represents an advance in attained image resolution of an order of magnitude compared with that obtained in other work in x-ray holography. This advance was due to a combination of improved x-ray source brightness, provided by an undulator; improved detector resolution, provided by photoresist; and improved hologram readout and reconstruction, provided by numerical processing of the hologram enlarged using a transmission electron microscope. In light of these recent advances, and those of Joyeux and Polack,1 5 we must now ask whether x-ray holography is ready for use as a routine imaging procedure. Our answer to this is that, like all microscopes, this one provides images that are corrupted by noise. In our case the noise is due to shot noise in the x-ray beam, resist noise, and the twin-image effect of in-line holography. For sample features that have enough x-ray contrast to be seen clearly above the noise, Gabor x-ray holography using photoresists is a practical technique for studies at a resolution not worse than 56 nm, as discussed above and shown in Fig. 10 . For features with xray contrast similar to that of the clearly false image detail in the open spaces between the granules, the microscope cannot give firm information. For samples that are small enough and isolated enough to satisfy the far-field condition, the twin-image noise is mitigated, allowing weaker features to be seen. Therefore potential application of x-ray holography to microscopic studies will be determined by case-bycase judgments of the match between the problem at hand and the technique's resolution and signal-to-noise ratio. Of course, the limitations discussed above are not static. Since these first results were obtained, we have recorded holograms of similar or better quality with exposure times of 1-3 min, using the 35-period X-1 undulator at the National Synchrotron Light Source. We have used a finite-support phase-retrieval algorithm to reduce twin-image noise in the reconstructed images significantly. In collaboration with D. Abraham of the IBM T. J. Watson Research Center, we have obtained preliminary results of reconstructing images from hologram resists read out using an atomic force microscope (AFM). 65 These developments will be reported separately. In future work, we hope to make several improvements. Further work with the AFM or with metal-coated resists in a scanning tunneling microscope promises a superior method for reading out high-spatial-frequency, low-visibility hologram fringes from developed photoresist surfaces. In addition, the scanning ranges now available in AFM's and scanning tunneling microscopes exceed the field of view of commercial TEM's; this advance should allow us to digitize holograms of larger numerical aperture and thus of potentially higher resolution. We hope to move beyond the demonstration stage of recording holograms of dry specimens to recording holograms of hydrated specimens with control over conditions such as temperature, pH, and buffer concentration. Finally, we have begun exploration of other holography geometries, such as the Fourier-transform geometry, 6 6 that will allow for electronic hologram recording with a charge-coupled device camera and that offer a different mix of limitations and capabilities.
